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Superparamagnetism of tryptophan implying the presence of magnetic domain is reported. The
observation helps us to conceive assembly of proteins as a physical lattice gas with multidimensional
Ising character, each lattice points assuming discrete spin states. When magnetic field is applied the
equilibrium is lost and the population density of one spin state increases (unidirectional alignment),
resulting in net magnetization. Spatial coherence between the identical spin states further imparts
a ferromagnetic memory. This effect is observed using direct nanoscale video imaging. Out of the
three proteins ferritin serum albumin and fibrinogen , fibrinogen showed an attenuated response ,
the protein being essentially one dimensional. Eventually, Ising lattice is capable of showing ferro-
magnetic memory only when it has a higher dimensional character. The study highlights possible
presence of long range spatial coherence at physiological condition and a plausible microscopic origin
of the same. .
PACS numbers: 61.48.De,82.60.Cx,82.70.Uv,82.33.Nq
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I. INTRODUCTION
Brownian motion of proteins in solution is a subject
of recent interest. Correlated random walk of proteins
within cells may have functional significance in intra-
cellular transport and cell migration [1–3]. Recently, ex-
perimentally it has been shown that the Brownian mo-
tions of proteins within live cells shows bias, which is not
observed when the same protein is in the solution[4]. In
this paper we studied the effect of external spin (mag-
netic field) on the random walk of proteins as well as
on the sub-cellular streaming pattern. There are reports
where effect of magnetic field on diffusion has been stud-
ied theoretically. Static magnetic field (SMF) can alter
diffusion properties due to occurrence of Lorentzian force
and Maxwell stress. Theoretically it has been sown that
vortex like motion or constricted phase space (reduced
extent of random motion in space) is observed upon mag-
netic field exposure [5, 6]. The differential diffusional
property is the outcome of competition between inertial
force and induced Lorentzian force. This is the classical
view on effect of magnetic field on diffusion. But if the
system has an inherent tendency towards correlated ran-
dom walk , the underlying mechanism is worth exploring
from an alternative perspective.
Short and long range correlation is an inherent property
of Ising lattices [7]. Ising model has been used to ex-
plain the protein aggregation [8], protein folding [9, 10],
DNA-protein interaction [11, 12] and very recently can-
cer metastasis [13]. Amino acids in proteins and proteins
in solution can both be considered as nodes of a 2D Ising
lattice at different hierarchical level [14–16]. Hence, sev-
eral emerging properties can be explained based on short
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or long range correlations within and between the lat-
tices. Recently, extended 1D Ising model has been used
to probe the long range correlations within DNA.
The present work is inspired by a question what if there
are real spin lattice like behavior of proteins in solution.
Our earlier finding [17] that tryptophan a building block
of proteins show memory of static magnetic field. Many
of recent interest in quantum mechanical properties of
biological molecules also stems from tryptophan distri-
bution [18].
Our experimental design is based on probing for
a response to initial external perturbation by a spin
perturbing system like static magnetic field (SMF). As
reports of effect of SMF on biomolecules and cells upon
long term (from hours to days) exposure to SMF are
numerous [19–30], the evidence of instant response of
towards SMF or the exact mechanism by which live
cells translates the magnetic field and competes thermal
energy and retains or memorizes such perturbation are
rarely discussed. Our experimental approach seems to
provide a basis for existence of a real Ising lattice like
behavior of proteins internally in solution and when they
are present in cells.
II. RESULTS
A. Emergence of Magnetism in tryptophan
We first show how the zero-field and with field
magnetization alters when we subject tryptophan (trp)a
pi-ring containing amino acid to a pre-exposure to
static magnetic field while drying the liquid film of
the same. While alteration of its fluorescence emission
in response to SMF was previously reported by our
group [17], the present work unfolds certain intricate
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2aspects of the magnetic properties of this important
(and universal) building block of proteins. Experiments
with SQUID ( superconducting quantum interference
device) based VSM (Vibrating Sample Magnetometer
(VSM) reveals a super paramagnetic behavior of trp.
Figure 1 shows the zero-field (solid line) and with field
(broken line) magnetization profile of trp at different
temperatures.The super paramagnetic nature of the
amino acid is confirmed by presence of a Neel tempera-
ture TN (indicated by arrow in Figure 1a) [31] at which
δM
δT changes sign from positive to negative value. The
red and blue profiles compare samples pre-exposed and
unexposed to SMF. Incidentally, the existence of TN for
tryptophan (≈ 1000K) asserts its super paramagnetic
behavior, this being reported for the first time. It
may be further noted that blocking temperature for
field exposed and unexposed samples are identical i.e.,
TN(SMFexposed) = TN(SMFunexposed). Now, TN is a
product of magnetic anisotropy and domain volume. As
magnetization of the exposed sample (zero field, red
line) shows a higher value at TN , a higher magnetic
anisotropy is expected in the said case, and this has to
be compensated by reduction of magnetic volume as
result of the SMF exposure.
B. Magnetic field induced differential walk pattern
of proteins in solution
We performed scattering based imaging using a thin
film chamber of three different protein solution before
and after magnetic field exposure (see Methods section
for experimental details). Figure 2 shows the differential
3D intensity histogram of the population before and
after one and five minutes of magnetic field exposure for
BSA (Figure 2a, 2b and 2c), ferritin (Figure 2d, 2e and
2f) and fibrinogen (Figure 2g, 2h and 2i). 3D figures
represent intensity histogram of individual particle,
which has been imaged. A field dependent change in
intensity histogram is clear from Figure 2. But the
effect is less pronounced for fibrinogen (compare Figure
2a with 2b, 2d with 2e and 2g with 2h). But after five
minutes of field exposure change in distribution pattern
can be observed (see Figure 2i).
To quantify the change observed in Fig. 2,we performed
image analysis. We constructed an image plane, which
is divided into 10,000 grids (100X100), where X-Y
trajectories of the proteins was plotted. See Appendix
section for details of the m-code used to construct the
image. In Fig. 3 the panel A,B,C respectively represents
the X-Y trajectories before exposure after 1 minute
exposure and after 5 minute exposure to 0.2 Tesla
static magnetic field. The panel D represents the RGB
representation of the pixels in A B and C. The presence
og white pixels indicate that those segments of the XY
space where the protein motion is independent of field
exposure. The figure rows a,b and c of Fig.3 respectively
represents studies on BSA, ferritin and fibrinogen. The
white pixels are minimal in ferritin and maximal in
fibrinogen indicating maximal and minimal magnetic
memory in the two respectively.
The Fig. 3 further implies that before magnetic field
exposure the phase space is isotropic (space filling). A
little bit anisotropy in space is observed after 1 minute
field exposure and after 5 minutes of exposure the
effect become more prominent for BSA and ferritin.
For Fibrinogen the effect is not so prominent, but a
rotation in the direction of the trajectories can be clearly
observed. For quantification of the extent anisotropic
phase space we calculated an index and assigned as
Space Inhomogeneity Index (SII). SII is the ratio of
space filled by the proteins and space filled by random
distribution of same number of events. Table 1 shows
the SII values of proteins before and after magnetic
field exposure. The values within the fast bracket indi-
cate the respective drift velocity during video acquisition.
C. Magnetic field induced altered sub-cellular
streaming
Figure 4 shows a schematic diagram of the arrange-
ment for confocal microscopic use, in which the instant
real time and post SMF exposure has been studied. As
the proteins in solutions showed the remarkable memory
effect similar memory effect could be observed in case of
intracellular protein movement. In this case both the in-
stant response and the memory effect was studied. We
captured six time lapse images of GFP transfected live
HeLa cells in absence (Image 1 at t=0 minute and im-
age 2 at t=1 minute), presence (Image 3 at t=2 minute
and image 4 at t=3 minute) and after withdrawal (Im-
age 5 at t=4 minute and image 6 at t=5 minute) of the
field. The schematics of the magnetic field assisted con-
focal microscopy and a representative gray scale image
of GFP transfected live HeLa cell is given in Appendix
section (see Figure S1 and S2). From the six time lapse
images we constructed gray scale difference images. Con-
trol difference image (see Figure 5a) is constructed by
subtraction of image 1 (t=0) from image 2 (t=1). The
magnetic effect is observed by construction of difference
image (see Figure 5b) through subtraction of image 1
(t=0) from image 4 (t=3). Magnetic memory effect is
observed by construction of difference image (see Figure
5c) through subtraction of image 1 (t=0) from image 6
(t=5). Comparison of Figure 1a, 1b and 1c clearly shows
that magnetic field exposure results in clustered patchy
pixel distribution in the image palne. The effect can also
be observed even after the withdrawal of the field.
3III. DISCUSSION
It was natural to question whether the sttaic field
had any effect on the protein structure. Any structural
change would lead to changes in the protein walk pattern.
Our studies using Circular Dichroism (CD) or ANS flu-
orescence showed no structural change in the time scale
of the study. This indicated that either such changes are
absent or the changes if any had an ultra short duration.
The reason for the re-orientation of the walk seemed to be
the spin-correlated Brownian motion rather than struc-
tural change. The long term memory of the walk pattern
to such field also implied presence of such correlation
rather that structural change in proteins. The spin state
of the protein building block thus affected the overall pro-
tein motion.
Next, the direct evidence of alteration in diffusion prop-
erty (random walk pattern) of proteins by SMF comes
from image analysis of the acquired video (see Figure
3). The SMF induced anisotropic phase space can be
compared from Table 1. SII value close to 1 means the
space is filled homogenously and lower value of SII in-
dicates inhomogeneity in space. That means, SMF in-
duces inhomogeneity in phase space of particle motion
(anisotropic movement). From Table 1 it is clear that
the magnetic field effect is prominent where the drift ve-
locity is much higher. The initial drift velocity (compare
the values within first bracket of Table 1) in case of BSA
and Ferritin is very high than Fibrinogen. The effect of
SMF is reduction of drift velocity, which can be observed
in naked eye from the Video S1, S2 and S3. The effect is
evidently amplified if the initial drift velocity is high. As
we imaged the same sample before and after field expo-
sure there is no change in drift velocity due to change in
injection flow. Presence of drift velocity (even under no
field condition) indicates presence of an initial bias in ran-
dom walk. The particles are moving towards a direction
(biased) with their intra-particle random motions. Ap-
plication of field imparts a higher Lorentzian force that
initially perturbs the spin to a greater extent.Such expo-
sure breaks the bias and results in an anisotropic stream-
ing of particles in phase space. But, explanation of the
memory like effect that is persistence of space anisotropy
after field exposure needs to consider SMF induced spin
coherence in space. The spatial coherence is a inherent
property of evolution of Ising lattice, where memory is
a classical output. The two events that seems to con-
trol the spin perturbation induced distribution can be
summarized as (i) protein shape (ii) drift velocity. Even-
tually, the physical Ising lattice model explains both the
effects. The shape effect is intrinsically linked with di-
mensionality of the physical Ising lattice . A chain like
protein structure (fibrinogen) may be physically equated
to a one dimensional Ising lattice. It is known in liter-
ature that one dimensional Ising lattice is devoid of any
magnetic memory and can explain only paramagnetic be-
havior (lack of memory).
In cellular level we also found this type of memory
effects. In relaxation image (image without field ex-
posure subtracted from image after withdrawal of the
field,i.e, image 6-image 1) we found the retention of the
anisotropic subcellular streaming pattern (see Figure
3c). That is exposure of magnetic field is memorized
by cells in terms of differential streaming pattern. It is
well established that the motion of subcellular proteins
is biased. Not only that, but motor like proteins shows
Brownian ratchet [32]like movement, required for cargo
transport, where energy for unidirectional movement
(bias) comes from ATP hydrolysis [33, 34]. Hence,
we can say that SMF destroys the inherent biased
(correlated) random walk of sub-cellular proteins. The
translation of physical force (SMF) is altered sub-cellular
streaming, which may be the cause of differential effects
on cellular level after long term magnetic incubation.
As normal and cancer cell can be considered as different
Ising lattices [13], the onset of magnetic memory in live
cell can also be considered as an alternative spin state of
the same lattice.The differential effect on static magnetic
field on normal and cancer cells reported by our group
[35]can thus be explained.
Ising model has been exploited in explaining various
binding processes from last four decades one historically
important citation being [36]. The minimal Ising lattice,
in which the Hamiltonian is given by,
H =
∑
<ij>
Jijσiσj − 2βB
∑
i
σi (1)
In the euqtion (4) σ can have two values ±1 and the first
term in the LHS represents the coupling between spins
that can exist in absence of a field. The second term in-
volving β is the contribution due to Bohr magneton that
exists only in presence of any external magnetic field B.
The superparamagnetic behavior of tryptophan asserts
that the Ising lattice physically exists for this essential
protein building block. The presence of a magnetic do-
main however does not automatically imply emergence
of a magnetic memory as one domensional Ising lattice
would not exhibit any ferromagnetic memory that would
persist in absence of a field. One needs to assume a 2D
Ising behaviour whose equations in absence of an external
magnetic field are given by ,
H =
∑
<ij>
Kijσiσj +
∑
<ij>
Lijσiσj (2)
where K and L are vertical and horizontal interaction,
one representing the side to side (horizontal) and the
other representing a vertical interaction that may
originate from say pi − pi stacking. Such 2D model with
periodic boundary condition may be approximated to
a globular protein , where for proteins like fibrinogen
the behavior would be more like a one dimensional lattice
Once we have the insight in the magnetic properties
the proteins which can be considered as a decorated
lattice containing superparamegnetic domains. We can
4then look upon the protein walk as a Brownian motion
of superparamagnetic particles [37, 38]. While the
authors in these work did not consider the memory of an
initial magnetic perturbation, their analysis highlights
importance of Brownian motion of superparamagnetic
particles in context of drug targeting and designed
magnetic arrays(traps). Our findings highlight that even
proteins can be subjected to magnetically controlled
behavior, the memory component of the magnetic
contribution depending on the protein shape and di-
mensionality. It may be noted that simple diamagnetic
properties would not suffice to explain the memory
aspect.
It also follows from Table 1 that the random walk
seems to have least spin perturbation memory for Fib-
rinogen , whereas for albumin and ferritin there seems
to be a significant random walk shift. The space filling
index provides a good estimate of the memory. Interest-
ingly, the simple numerical expression can be applied to
determine the relative magnetic moments of ferrofluids
and other magnetic nanomaterials.
The observation may have important implications in an-
other context. The presence super paramagnetism in the
individual amino acid scale and emergence of a ferromag-
netic like memory manifested in the random walk in so-
lutions (and also in protein motion in cells) implies pres-
ence of a temporally stable long term spatial coherence
in physiological conditions. In quantum biology some ap-
proaches have been sensing weak field [39, 40] and events
triggered by extreme small scale temporal rhythms often
termed as quantum beats [41].Presence of large spatial
coherence that is reflected in random walk for a wide
variety of proteins, has rarely been discussed. The obser-
vation may therefore be contextual with respect to deci-
phering many cellular communication processes , where
very raraely the importance of spatial coherence is dis-
cussed. Very recently importance of protein dynamics
has been emphasized in modification process like ubiq-
uitination and protein-protein interaction. The presence
of local spatial coherence may modulate or may open up
control of such interactions.
IV. CONCLUSION
The proteins movements in vitro (i.e in solution ) and
in vivo (i.e within the cytoplasm ) show a field mem-
ory, this being reported for the first time. Mechanisti-
cally the behavior is explained by the finding that the
building block of proteins ,e.g. its aromatic amino acid
tryptophan may have super paramagnetic behavior. This
inspired a direct exploitation of the Ising model , the pre-
vious Ising model based studies on biomolecular interac-
tions [36] being primarily analogy based.
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Appendix A: Appendixes
1. Materials and Methods
L-tryptophan, Ferritin and Fibrinogen were purchased
from Sigma. The Bovine Serum Albumin (BSA) was
purchased from SRL. Millipore water was used to
prepare stock solution and dilution. Protein solutions
were prepared using 100 mM phosphate buffer of pH
7.22. 20 mg L-tryptophan was dissolved in 10 ml of
MilliQ water.
The permanent Neodymium magnets were purchased
from Rare Earth Magnetics, India. The field strength
was measured using a locally made Gaussmeter (Neoe-
quipments, India).
MAGNETIC MEASUREMENT
The prepared 10 ml trytophan solution was divided
into two parts and dried using a lyophillizer, one part in
absence of magnetic field and other one in presence of
0.2 Tesla magnetic field. Then the magnetic measure-
ment was performed in Vibrational Sample Magnetome-
ter (Quantum Design, MPMS 7). Both samples were
heated to 300K in presence of 100 Oesterd field and then
cooling up to 4K was performed in presence (field cool-
ing) and in absence (zero field cooling) of magnetic field.
Magnetization vs Field (M-H) study was performed us-
ing oscillatory field from -10,000 to +10,000 Oe externally
applied magnetic field.
NANOPARTICLE TRACKING ANALYSIS (NTA)
NTA measurements were performed using NanoSight
NS300 (Malvern, United Kingdom) system equipped
with a high sensitivity CMOS camera and 532 nm laser.
All measurements were performed at room tempera-
ture.The software used for capturing and analyzing the
data was the NTA 2.3. 0.1 mg/ml protein solution
was imaged before, after 1 minute and after 5 minutes
of magnetic field exposure. The video imaging was
performed for 1 minute for each condition at 24 frames
per second rate.
5TRANSFECTION OF HELA CELLS
HeLa cell lines (passage no: 15) was procurred from
NCCS, India. Cells were cultured in DMEM, high glu-
cose (Gibco 12800-058) with 10 percent heat inactivated
FBS and the media is supplemented with 1X antibiotic
(PenStrep Gibco). Cells were maintained at 5 percent
CO2 (Carbon di Oxide) environment. For subsequent
passages, cells were dislodged using 0.25 percent Trypsin
EDTA (1X) (GIBCO 25200). HeLa cells were transfected
by pEGFP-N3 plasmids using calcium phosphate trans-
fection protocol as described previously [42].
MAGNETIC FIELD ASSISTED CONFOCAL
MICROSCOPY
Time lapse confocal imaging was performed in Olym-
pus (FV1000) microscope. Six time lapse images were
acquired at 1 minute time interval. First and second
image were captured in absence of magnetic field.
Third and fourth image were captured in presence of
magnetic field. The fifth and sixth image were captured
after withdrawal of the magnetic field. The schematic
illustration of the magnetic field assisted microscopy is
provided in the Supplementary section.
M-code
2. Algorithm
function␣z=raja_grid(x,y,m,n);
%␣m␣&␣n␣are␣sizes␣of␣the␣matrix
ik=find(x<0);
x(ik)=[];
y(ik)=[];
ik=find(y<0);
x(ik)=[];
y(ik)=[];
%␣x=x/max(x);
%␣y=y/max(y);
z=zeros(m,n);
xl=linspace(min(x),max(x),m);
yl=linspace(min(y),max(y),n);
for␣i=1:m-1;
for␣j=1:n-1
kk=find␣(x>=xl(i)␣&␣x<=xl(i+1)␣&␣y>=yl(j)␣␣&␣y<=yl(j+1)␣);
%if␣isempty(kk)~=1
%z(i,j)=z(i,j)+1;
%z(i,j)=255*(sum(I(kk))./max(I(kk)));
%end
end
end
z=uint8(z);
w(:,:,1)=z;w(:,:,2)=z;w(:,:,3)=z;
%w␣is␣the␣gray␣scale␣output␣image.
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7TABLE I: Space Inhomogeneity Index (SII) for three different proteins and reduction of drift velocity of proteins
upon magnetic field exposure, percentage ratio of space filled by the particle motion (observation)/ space filled by
random distribution of same number of particles (simulation). the values within the first bracket is the respective
drift velocity in µmetersec−1.
Proteins SII (unexposed) SII (exposed 1) SII (exposed 2)
BSA 0.862 (11.718) 0.686 (3.101) 0.585 (0.612)
Ferritin 0.911 (20.045) 0.528 (2.894) 0.337 (0. 284)
Fibrinogen 0.855 (9.548) 0.852 (9.62) 0.789 (4.812)
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FIG. 1: Superparamagnetic property of tryptophan - Magnetization vs temperature (M-T) measurement of SMF
preincubated (red lines) and control (blue lines) tryptophan. Solid and broken lines indicates Zero Field Cooling
(ZFC) and Field Cooling (FC) profiles
8FIG. 2: The upper middle and lower rows respectively represents population distribution for BSA Ferritin and
Fibrinogen respectively. The left middle and right columns respectively represents distribution before field exposure,
after 1 minute and after and 5 minutes exposures to 0.2 Tesla magnetic field.
9(a)
(b)
(c)
FIG. 3: Protein Walk - Direct visualization A, B , C are states exposed to no exposure and 1 min exposure and 5
min exposure to 0.2T field. D represent fusion profile generated assuminmg A,B,C to be located at the R,G and B
planes. (a) BSA (b) ferritin (c)fibrinogen- white pixels in the D panel of fibrinogen indicates attenuated response of
the protein to SMF
10
FIG. 4: Schematic illustration of the design of magnetic field assisted confocal microscopy
5 µm
(a) (c)(b)
FIG. 5: Magnetic field induced altered walk patterns proteins at the subcellular level. Six time lapse images of GFP
transfected live HeLa cell were captured at t=0, t=1, t=2, t=3, t=4 and t=5 minute. At t=0 and 1 magnetic field
was absent, at t=2 and 3 magnetic field was present and at t=4 and 5 the field was withdrawn.(a), (b) and (c) are
the gray scale difference image. (a) is the control difference image [image at t(1)-image at t(0)], (b) is the magnetic
difference image [image at t(3)-image at t(0)] and (c) is the magnetic memory image [image at t(5)-image at
t(0)].The original gray scale confocal image is provided in Supplementary section
